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This  paper  discusses  about  direct  torque  control  of  Brushless  DC  motor  by 
injecting  the  triangular  waveform  and  using  PI  controller  in  order  to  reduce 
the  torque  and  obtain  constant  switching  frequency.  Brushless  DC  motor  are 
widely  used  in  applications  which  require  wide  range  of  speed  and  torque 
control  because  of  robust,  longer  lifespan,  faster  torque  response  and  able  to 
operate  at  high  speed.  Unlike  conventional  three  phase  DTC  of  induction 
machine  (IM),  the  proposed  DTC  approach  introduces  two  phase  conduction 
mode.  Besides  that,  the  magnitude  flux  is  considered  constant  in  which  the 
results  only  gains  from  constant  torque  region.  Thus,  the  flux  control  loop  is 
eliminated  while  implement  this  scheme.  Using  the  triangular  waveform  that 
will  be  compare  with  actual  torque,  the  proper  switching  pattern  can  be 
selected  to  control  the  generated  torque  and  reducing  commutation  torque 
ripple.  The  torque  response  depends  on  the  speed  of  the  stator  flux  linkage 
which  is  directly  controlled  by  selecting  appropriate  voltage  space  vectors 
from  a  look-up  table  to  make  sure  the  torque  error  within  the  band.  The 
validity  of  the  proposed  control  scheme  for  constant  switching  frequency  and 
reduce  torque  ripple  are  verified  through  simulation  and  experimental  results. 
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1.  INTRODUCTION 

The  Brushlesss  Direct  Current  (BLDC)  motor  become  popular  and  gradually  replacing  conventional 
DC  machine  drives  in  many  industrial  applications  such  as  appliances,  automotive,  consumer,  aerospace, 
instrument  and  others.  The  BLDC  motor  is  electrically  commutated  by  power  switches  instead  of  brushes  in 

order  to  improve  the  reliability  and  durability  of  the  unit.  For  instance,  the  electrical  commutation  happened 
with  permanent  magnet  rotor  and  stator  coisl  in  a  proper  sequence.  The  force  acting  on  the  rotor  causes  it  to 
rotate  when  the  armature  coils  are  switched  electronically  by  transistor  at  the  right  fiels  poles.  The  Hall  effect 

sensors  is  used  to  detect  the  current  commutation  points  that  occur  every  60  electrical  degrees.  Therefore, 
three  sensors  has  been  placed  into  the  stator  in  the  motor  with  120  degree  lag  with  respect  to  the  other  two 

sensors.  These  sensors  are  named  as  Hall  A,  Hall  B  and  Hall  C.  Generally,  whenever  rotor  magnetic  poles 
pass  near  the  hall-effect  sensor,  a  high  or  low  signal  will  be  corresponded  when  the  North  or  South  Pole  is 
passing  near  the  sensors.  Noted  that,  the  North  pole  signal  is  indicates  to  ‘U  and  the  South  Pole  to  60’[1]. 
Unlike  induction  motor,  BLDC  operates  in  two-phase  conduction  mode  which  means  only  two  phases 
conduct  at  any  instant  of  time.  The  process  occurs  in  order  to  control  torque  by  keeping  the  stator  flux 
linkage  amplitude  almost  constant  by  eliminating  the  flux  control.  Since  the  flux  control  is  constant,  there  are 
a  few  algorithms  needed  for  the  proposed  control  scheme.  As  conclusion,  only  torque  is  being  control  while 
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the  stator  flux  linkage  is  kept  constant  on  purpose.  Furthermore,  by  using  zero  voltage  vector  suggested  in 
[2],  the  electromagnetic  torque  will  decrease  which  give  some  opportunity  such  as  generating  more  frequent 
and  larger  spikes  for  the  phase  voltages.  This  effect  will  deteriorate  the  trajectory  of  the  stator  flux 
linkage  locus. 

The  BLDC  motor  provide  many  advantages  such  as  higher  efficiency  and  reliability,  have  longer 
lifespan,  robust,  faster  torque  response,  and  able  to  operate  at  higher  speed  [3].  Moreover,  their  popularity  is 
also  assisted  due  to  declining  cost  as  well  as  increasing  functionality.  BLDC  can  be  smaller  and  ligther  as 
there  were  brushless  type  with  the  same  power  output  to  be  used  for  application  where  space  is  limited.  The 
BLDC  has  a  non-sinusoidal  back-EMF  which  is  nearly  trapezoidal  or  rectangular  shape  of  waveform  for 
stator  phase  current  due  to  magnet  displacement  and  concentrated  winding.  Therefore,  particular  control 
approach  is  required  in  order  to  develop  constant  mutual  torque  [4].  However,  BLDC  has  a  major  drawback 
which  during  operation  produce  large  torque  ripple  and  variable  inverter  switching  frequency.  Despite 
machine  structure,  the  input  system  due  to  switching  techniques  and  phase  current  commutation  that  comes 
from  power  electronic  side  is  the  main  reason  for  torque  waveform  becomes  imperfection. 

Over  the  past  three  decades,  Direct  Torque  Control  (DTC)  schemes  has  been  proposed  by  [5]  for 
induction  machine.  Since  the  beginning,  it  has  been  developed  and  presented  with  simplicity,  good 
performance  and  robustness  [6].  It  gained  popularity  among  the  researcher  as  it  offers  excellent  dynamic 
performance  which  comparable  to  that  obtained  in  the  DC  drives  and  robust  to  motor  parameter.  DTC  of 
BLDC  with  non-sinusoidal  back-EMF  is  proposed  in  [7],  [8].  The  stator  flux  and  electromagnet  torque  were 
obtained  from  two-level  and  there-level  hysteresis  controller  respectivey  by  comparing  the  stator  flux  linkage 
and  estimated  electromagnetic  torque  with  their  demands  value.  Therefore,  to  satisfy  the  flux  and  torque 
demands,  the  suitable  voltage  vector  are  selected  from  a  look-up  table  either  to  increase  or  decrease  the 
torque  or  the  same  time  to  either  increase  or  decrease  the  stator  flux.  Other  than  that,  a  through  investigation 
on  the  many  switching  technique  in  DTC,  especially  in  reducing  torque  ripple  and  provide  a  constant 
switching  frequency,  before  formulating  the  proposed  controller  strategy.  Obviously,  the  used  of  space  vector 
modulation  (SVM)  is  consider  as  the  most  popular  variations  in  DTC  whether  for  induction  motor  (IM)  and 
brushless  DC  motor  (BLDC).  However,  this  technique  which  normally  referred  to  a  DTC-SVM  needs  major 
modifications  on  the  original  DTC  structure.  Besides  that,  some  other  technique  also  has  been  proposed  by 
researcher  to  improve  the  DTC  performance  while  putting  some  efforts  which  retains  the  simple  structure  of 
DTC  scheme.  Because  of  that,  the  schemes  require  machine  parameter  in  order  to  design  the  proper  PI 
controllers.  Recently,  the  use  of  multilevel  inverter  has  gained  much  attention  due  to  its  advantages 
inproviding  greater  number  of  voltage  vectors,  lower  switching  loss  and  lower  harmonics.  Hypothetically,  the 
greater  the  number  of  voltage  vectors,  the  more  option  are  given  to  select  the  most  optimal  voltage  vectors  in 
order  to  improve  the  DTC  performance.  However,  the  multilevel  inverter  may  complicate  the  DTC  structure 
and  give  some  problems  such  as  requirement  of  isolated  DC  voltages  in  CHMI,  the  inbalance  neutral  or 
capacitor’s  voltage  in  NPCMI.  In  the  view  of  this  scenario,  this  paper  initially  proposes  using  PI  controller 
and  injection  triangular  waveform  in  order  to  achieve  torque  ripple-free  operation  of  BLDC  motor. 


2.  BASIC  STRUCTURE 

2.1.  Mathematical  Modelling  of  BLDC  Motor 

A  precise  study  of  the  BLDC  operation  is  made  in  order  to  study  and  understand  the  dynamic 
behavior  of  the  DTC  drive.  Modelling  BLDC  motor  requires  two  equations  which  are  electrical  and 
mechanical  equation.  Brushless  DC  motor  equation  can  be  expressed  as  follows: 

Electrical  equation: 


Vkn(t)  =  ikRk+Lkd-±(t)  +  ek(t)  (1) 

Vkn  (t)  =  instantaneous  of  k  -  phase  voltage 

ik  (t)  =  instantaneous  of  k  -  phase  current 

(t)  =  instantaneous  of  k  -  phase  back-emf  voltage 

Rk  =  k-  phase  resistance 

Lk  =  &-phase  inductance 

The  model  of  armature  winding  for  BLDC  motor  can  be  clearly  expresses  as  follows  based  (1): 

Va  =  iaRa  +  lad-^  +  ea  (2) 
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Vh  -  ibRb  +  Lb  —  +  eb 


Vc  —  icRc  +  Lc  +  e( 


(3) 

(4) 


Brushless  DC  motor  equation  with  120°  conduction  angle  and  trapezoidal  back-EMF  waveform  can 


be  expressesd  as, 

ea(t)  =  KEl(6e)o)(t) 

(5) 

eb(t)  =  KEl{ee-2f)a>(t) 

(6) 

eb(t)  =  KEl(de  +  2f)ai(t) 

(7) 

where, 

KEj  =  back  EMF  constant  of  one  phase 
6e  =  electrical  rotor  angle 

a)  =  rotor  speed 

Mechanical  equation: 

Next,  mechanical  equation  where  involve  torque,  angular  velocity  and  friction  of  the  rotor  are 
shown.  The  total  of  torque  that  produced  for  each  phase  can  be  represented  as  below: 


Temf  (0  —  T emf  (0 

(8) 

k=a,b,c 

Temf(t )  =  ifc(O-frr,fc(0) 

(9) 

^v,k (60-  (1) 

(10) 

where,  kT  k  is  the  torque  factor. 

2.2.  Direct  Torque  Control  of  BLDC  Motor 

The  Figure  1  shows  the  structure  of  DTC  of  BFDC  motor.  The  stator  flux  in  the  voltage  vector  look¬ 
up  table  is  selected  as  -zero  or  constant  while  the  torque  error  is  selected  based  in  difference  of  error  level 
between  the  actual  torque  and  the  reference  torque.  The  direct  torque  control  of  BFDC  motor  is  explained  in 
[9],  for  two  phase  conduction  with  only  torque  control  loop.  The  selection  of  voltage  vector  is  depends  on  the 
torque  error  which  comes  from  the  difference  between  estimated  torque  and  reference  torque.  When  the 
torque  error  touches  the  upper  or  lower  hysteresis  band,  an  appropriate  voltage  vector  is  selected  whether  to 
reduce  or  increase  it  respectively.  Torque  error  status  from  comparators  is  required  in  order  to  determine  the 
appropriate  voltage  vector  where  it  can  be  ‘ V  or  ‘-1’.  When  torque  status  is  ‘1’  or  positive,  means  that  the 
torque  error  touches  the  upper  hysteresis  band  and  actual  torque  should  decrease  and  thus  voltage  vector 
opposite  to  the  direction  of  rotation  of  reference  stator  flux  is  chosen  as  shown  in  Figure  3  or  else  if  the 
torque  error  status  is  ‘- 1’  or  negative,  this  means  that  the  torque  error  touches  the  lower  hysteresis  band  and 
actual  torque  has  to  be  decreased  so  the  voltage  space  vector  in  the  direction  of  rotation  of  the  actual  stator 
flux  vector  is  selected.  The  selection  of  the  respective  voltage  vector  also  depends  on  the  sector  given  from 
sector  1  until  sector  6  in  which  the  rotor  is  present.  Thus,  the  basis  of  this  switching  table  is  given  as  Table  1. 

The  Figure  2  shows  the  six  nonzero  voltage  vectors  (V5l-  VSe )  that  shape  the  axes  of  a  hexagonal  and 
feed  electrical  power  to  the  load.  The  angle  between  any  adjacent  two  non-zero  voltage  vectors  or  also 
known  as  active  voltage  vectors  is  60  degrees,  while  two  zero  voltage  vectors  (non-active  voltage  vector) 
(F5q  and  VS7)  are  at  the  origin  and  apply  zero  voltage  to  the  load. 
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Figure  1.  Structure  of  DTC  of  BLDC  motor  Figure  2.  Selection  of  voltage  space  vectors  to 

increase  or  decrease  torque 


The  Table  1  shows  the  voltage  vector  selection  for  BFDC  motor  according  to  stator  flux  and  torque 
errors.  Noted  that,  only  the  yellow  colour  is  used  because  the  flux  for  BFDC  motor  is  assumed  as  zero 
or  constant. 


Table  1.  Voltage  vector  selection  table 


Flux 

Torque 

1 

2 

Sector 

3 

4 

5 

6 

1 

1 

VI 

V2 

V3 

V4 

V5 

V6 

-1 

V6 

VI 

V2 

V3 

V4 

V5 

0 

1 

V2 

V3 

V4 

V5 

V6 

VI 

-1 

V5 

V6 

VI 

V2 

V3 

V4 

-1 

1 

V3 

V4 

V5 

V6 

VI 

V2 

-1 

V4 

V2 

V3 

V4 

V5 

V6 

2.3.  Injection  of  Carrier  Waveform 

The  torque  error  is  the  input  for  look-up  table  as  the  results  from  difference  between  carrier 
waveform  and  actual  torque.  Injection  of  carrier  waveform  technique  is  conceptually  easy  to  understand.  The 
mathematical  concepts  behind  this  technique  reasoning  are  simple.  This  technique  (injection  carrier 
waveform)  is  implemented  and  explained  in  [10]  for  induction  motor.  A  similar  approach  is  used  in  this 
paper.  In  doing  so,  the  triangular  waveform  frequency  must  set  at  high  value  in  order  to  reduce  output  torque 
ripple  hence  faster  torque  response.  For  PI  controller,  it  is  necessary  to  make  sure  that  the  gain  values  of  kv 
and  kt  are  restricted  so  that  the  absolute  slope  of  Tc  not  to  exceed  the  absolute  slope  of  the  triangular  (carrier) 
waveform.  Figure  3  shows  the  typical  waveform  for  constant  frequency  torque  controller  (CFTC). 


Figure  3.  Typical  waveform  of  the  constnt  frequency  torque  controller 


A  simple  constant  switching  frequency  of  direct  torque  control  of  brushless  (Yusnida  Tarmizi) 


14 


ISSN:  2088-8694 


□ 


3.  MEASUREMENT  SETUP 

Table  2  shows  Parameters  of  BLDC  Motor.  Figure  4  shows  diagram  for  torque  and  constant 
switching  frequency  setup.  Speed  sensor  (Hall  Effect)  will  measure  the  speed  rpm  which  will  be  shown  by 
digital  speed  indicator.  dSPACE  1104  is  controller  board  that  been  used  to  transfer  data  from  BLDC  motor 
and  allows  the  data  to  be  present  in  oscilloscope  and  Control  desk  from  computer.  15  V  is  supplied  to  the 
current  sensor  which  function  to  sense  the  current  value  accurately  for  phase  a  and  b  in  the  BLDC  motor  as  it 
is  important  to  calculate  the  value  of  estimated  torque.  100V  -  150V  is  supplied  to  the  BLDC  motor  from 
power  supply. 


Figure  4.  Schematic  for  experiment  set  up 


Table  2.  Parameters  of  BLDC  motor 


Baldor’s  BLDC  Motor  (25PQ02B002) 


Torque  Hysteresis  Band 

Control  System 

0.1  Nm 

Flux  Hysteresis  Band 

0.1  Wb 

Sampling  Time 

50  ps 

Cont.  Stall  Torque  Lb-In  (N-M): 

General  Parameters 

18.50(2.10) 

Cont.  Stall  Current: 

1.5 

Peak  Torque  Lb-In  (N-m): 

55.5  (6.3) 

Torque  Constant  Lb-In/Amp  (N-m/ Amp): 

Electrical  Parameters 

15.50(1.75) 

Voltage  constant  v/r/s  (V/KRPM): 

150.000  (106.1) 

Resistance 

26.7 

Inductance  (mH) 

106.3 

Inertia  Lb-In-s2  (kg-cm2): 

Mechanical  Parameter 

0.0024  (2.72) 

Speed  at  320  Bus  Volts  (RPM): 

1800 

Pole  pairs 

2 

Feedback  Devise 

Hall  Sensor 

Incremental  Encoder 

4.  SIMULATION  RESULTS 

In  this  experiment,  three  schemes  were  tested  under  three  different  speed  operations,  i.e.  low  speed, 
middle  speed  and  high  speed.  The  experiment  for  each  scheme  was  performed  using  torque  control  loop,  in 
which  the  angular  velocity  of  BLDC  motor  was  set  at  around  the  three  levels  of  speed  operations  by  applying 
appropriate  load  torque.  The  rest  parameter  control  values  for  each  scheme  were  given  in  Table  3. 

Table  3.  Parameter  control  for  each  scheme 

Control  Schemes 

(a)  DTC 

(b)  CSF 

Reference  torque,  Tref 

0.9  Nm 

0.9  Nm 

Sampling  time,  Ts 

50  ps 

50  ps 

Torque  hysteresis  bandwidth,  HBt 

0.09  Nm 

- 

Current  hysteresis  bandwidth,  HBi 

PI  torque  control: 

0.0592  Nm 

■ 

Proportional  gain,  Kpt 

- 

2.67 

Integral  gain,  Ku 

- 

50 

Carrier  frequency,  fsw 

- 

3125  Hz 

Peak  of  carrier,  Vui 

- 

100 
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Figure  5  shows  the  experimental  results  of  motor  torque,  torque  error  and  a-phase  current  for  each 
scheme,  at  low  speed,  medium  speed  and  high  speed.  Figure  6  shows  the  zoomed  image  for  presenting 
clearer  results  in  highlighting  the  improvement/effect.  It  can  be  observes  that  the  ripple  sizes  of  torque  in 
proposed  CSF  scheme  are  reduced  compare  to  DTC  scheme.  The  improvements  obtained  in  the  proposed 
CSF  at  the  low-speed  operation  were  also  verified  in  the  case  of  medium  and  high  speed  operations.  Figure  5 
(b)  and  Figure  6  (b)  show  the  experimental  results  for  the  case  of  the  medium- speed  operation,  while  Figure 
5  (c)  and  Figure  6  (c)  shows  the  experimental  results  for  the  case  of  the  high-speed  operation.  The  types  of 
waveforms  obtained  and  torque  reference  applied  in  these  figures  are  same  as  the  case  of  low-speed 
operation.  The  only  difirent  is  that  the  level  of  speed  operation,  which  can  be  noticed  by  observing  the  cycle 
period  of  the  current  at  the  same  time  scale.  Noted  that,  the  greater  number  of  cycle  indicates  higjer  speed 
operations.  Apparently,  torque  or  current  ripple  is  reduced  for  every  level  of  speed  operation,  i.e.  regardless 
of  speed  operations. 
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Figure  5.  Experimental  results  of  torque  control  for  DTC  and  CSF  at  (a)  low  speed,  (b)  medium  speed  and  (c) 

high  speed  operations 
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Figure  6.  Experimental  result  of  zoom-image  for  DTC  and  CSF  at  (a)  low  speed,  (b)  medium  speed  and  (c) 

high  speed  operations 

In  order  to  determine  the  dominant  switching  frequency  for  each  shemes,  the  frequency  spectrum  of 
a  torque  waveform  at  0.9  Nm  as  mentioned  in  Table  3  was  plotted  as  despicted  in  Figure  7.  It  can  be  clearly 
seen  that  the  proposed  CSF  results  in  a  dominant  harmonic  component  as  its  carrier  frequency,  i.e.  fsw=3125 
Hz.  This  indicates  that  the  switching  frequency  of  inverter  is  constant  at  the  carrier  frequency,  while  DTC 
exhibit  scattered  harmonic  components  due  to  hysteresis  operation.  Note  that  the  scattered  harmonic 
components  show  the  switching  frequencies  based  on  hysteresis  controller  are  unpredictable;  that  vary 
according  to  the  operating  conditions. 
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Figure  7.  Frequency  spectrum  of  torque  waveform  for  DTC  and  CSF  at  (a)  low  speed,  (b)  medium  speed  and 

(c)  high  speed  operations 


5.  CONCLUSION 

In  conclusion,  the  direct  torque  control  drive  has  been  implemented  for  Brushless  DC  Motor  to 
reduce  torque  ripple  and  improve  variable  frequency  by  replacing  the  torque  hysteresis  controller  with  the 
Constant  Switching  Frequency  (CSF)  in  the  basic  DTC  scheme.  In  this  research,  the  comparison  of  output 
torque  and  switching  frequency  between  DTC  hysteresis-based  and  DTC-CSF  were  experimented  in  several 
conditions  (  low,  medium  and  high  operation)  of  motor  had  been  presented.  Based  on  the  results,  it  proven 
that  at  any  condition,  the  CSF  method  can  reduced  torque  ripple  and  provided  a  constant  switching  frequency 
for  DTC  drive.  Finally,  it  can  be  concluded  the  DTC  with  CSF  menthod  was  successfully  implemented  using 
BFDC  motor. 
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